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ARSTRACT

The Saturnian satellite Japetus presents one of the most unusual appearances
of any object in the Solar System: one hemisphere is about 10 times as bright as
the other. The origin of the dark hemisphere - which reflects only a few percent
of the solar radiation falling on it - is one of the great enigmas of planctary
science.  From a map produced from previously unstudied, archived Voyager imapes
obtained in the ncar ultraviolet region of the spectrum, we show that the
interface between the bright and dark material is gradual.  This result means
that the material on the dark side of lapetus is exogenous in origin. We present
the first color map of Japcetus, showing there is a gradual chanpge in color
between the two hemispheres,

1. Jntroduction

Shortly after the French astronomer Cassini discovered the Saturnian
satellite  lapetus in 1672, he noted that it was moderately bright at one point
in its ovbit, yet 180 degrees away from this point it nearly disappeared.  le
understood that if Japetus kept one side always turned toward Saturn - as the
Earth's moon docs - one hemisphere would need to he composed of highly reflective
material and the other of very dark material. Modern telescopic observers
confirmed Cassini's view with quantitative measurements showing that lapetus is
over five times as bright on one hemisphere as on the other (Wendell, 1909,
Guthnik, 1914; Graf{, 1939; Noland ¢t al., 1974; Morricon et al., 1975; Millis,
1977). The origin of the dark hemisphere of lapetus has been one of the great
mysteries of planctary science. Was the dark region endogenously created by a
geolopgic event oy did it result from the deposit of exogenously produced
particles?  From an analysis of previously unstudied, archived Voyaper imapes,
we show that the dark material was produced by an exogenous process. Athough no
other object in the Solar System exhibits an albedo dichotomy as extreme as that
of lapetus, an understanding of the origin of its dark region will lead to an
understanding of alteration processes working on all planctary surfaces. Figure
1 shows the best dmapge of lapetus obtained by the Voyager 2?2 spacceraft, which
cncountered Japetus in 1982,

Gound-bascd obscrvations of the lightcurve of lapetus culwminated jn the
creation of a low resolution visual albedo wap in essential aprecement with the
Voyager imapes (Morrison et al., 1975). One important aspect of lapetus’s
unusual photometric propertics is that the dark side i1s centered on the leading
point of the satellite’s orbit around Saturn (the so-called “apex of motionw),
Spectra of the two hemispheres of lapetus reveal marked differences in surface
composition (Clark et al., 1984; bBell ¢t al., 1985). The spectrum of  the
trailing side is typical of that of an icy satelite: broad water ice absorption
bands are scen at 1.5 and 2.0 pu (McCord et al., 1971; ¥Yink et al., 1976), and
the spectral reflectance is high even into the near-UV portion of the spectrum.
The dominant surface constituent is water ice, with small amounts of siliceous
or carbonaccous contaminents. The dark side of lapetus shows a broad absorption
band into the blue end of the spectrum, and only shallow water ice absorption
bands (which may, in fact, be contamination from the bright material). bBased on
comparisons of Jaboratory samples, Bell et al., suggest that this unusual
spectrun indicates a surface composition which is 90% hydrated silicates, 10%
organic polymers, and <1% trace amounts of clemental carbon. Furthermore, these
authors claim that the material found on the dark side is sinilar to that prescent
on the D-type primitive asteroids, and it may be akin to the elusive non-ice
component which scems to ubiquitous in the outer Solar System,

Two classces of theories have emerged on the origin of the dark side of
Japetus. In one, the dark material was placed by an internal (endogenous)
geolopic process. The existence of dark-{loored craters, where slurries of jce-
(»})aquo mixturcs presumably were cuplaced, is one picce of evidence supporting
this thcory. The scemingly sudden interface between the dark and bright
materials - apparent in Voyager imapes (sce Figure 1) - also supports the model .

The second class of theories entails the fmpact and acceretion of exogenous
material onto the leading side of lapetus, and the associated erosion of the
preexisting material.  The primary picce of evidence supportiung this proup of



models is the oou.:o.%;z.o of the center of the dark side of Japetus with the
satellite's apex of motion. In the first version of this model, proposcd by Gook
and  Franklin  (1970), enhanced wetecoritic erosion on  the leading side
preferentially removed the more volatile, thin (1 M) ice crust to uncover a
iliceous mantle., A Jater model (Peterson, 1975), espouscd the prefereutial
accretion of bright particles on the trailing side due to the lower velocity of
meteoritic particles impacting that hemisphere.

In another exogenous ___ca_cu. first proposed 7% Soter Gc,\\_v. dark material
was ejected from Phoebe (the low albedo outer satellite of :::v_ spiraled into
the orbit of lapetus due to Poynting-Robertson drag, ._:a was accereted onto the
leading side. The inclined, retrograde orbit of  Phoebe :::m.L it has had a
violent history, :oucn::m.. possibly capture or an incident involving a major
collision, However, the visual spectyum of the dark side of lapetus Is much
redder than that of Phocbe; Phoebe's {lat spectrum is simdlar to carbonaccous
chrondritic material (Thomas, 1983 - check uranus paper?; bBell et al. ummav

Another model combining the features of  both Gook and Franklin’s and
Soter's work iuvolves the erosion of ice on lapetus's leading side _Q dark
particles from Phoebe (CGruikshank et al., 1983; Bell et al., 1985). In this
medel the concentration of preexisting dark, red material on the dark side of
Japcetus explains the color differences between the two bodies.  The fwmpact of
high-velocity retrograde particles from Phocbe resulted in impact volatization
of ice on lapetus'’s surface and the n..c:n.o:_:;.::: curictment of the low albedo,
uA.Q opaque component.  In another variation of the .:;.mn.ﬁ.m_ﬁ.ﬁ.u,h.ﬁu.c: wodel, CH,

ich ice was preferentially myn:/::ma by the enhanced meteoritic erosion on Zz.
ua. ading, side, where it is subsequently darkened and reddencd by UV irradiation
(Squyres and Sapan, 1984)
The obscrvation of Tapetus at moderate resolution by the V oyager 2 Jmaging
system did 1ittle to dispel the controversy surrounding the origin of its dark

:.m_a The first analyses of the imapes was inconclusive in its conclusions
(Smith et al., Hcmxv Later, the creation of a visual albedo contour map
sugpested the existence of nearly concentric isophotes centered on the
satellite’s apex of motion (Squyres et al., 1983). Howcever, an independent

Z_o:,:_ Aric analysis supgested that the interface between the dark and bright
sides of lapetus is well-defined and sudden (Gopuen ot al,, 1983).

One means of providing new insight into the oripin of lapetus’s dark side
Js to examine disk resolved observations at different wavelengths, Observations
by Noland ¢t al. (1974) showed that the amplitude of the rotational lightecurve
of lapetus is larger towards the blue end of the spectrum. The markedly
different composition of the leading and trailing hemispheres, specifically the
broad UV-absorption present only on the leading side, means Z_M: the contrast
between the bright end dark sides is enhanced towards the near-UV region of the
spectrun, Albedo maps in this spectral region would ::,_n provide a more
sensitive indication of global albedo patterns on the satellite, particularly in
the :Muo: of :::»: jon between the bright and dark ::‘_:;.:Lm. Another line of
investigation is to ratjo two wavelengths, in the red and near-uv, to create a
map of the di .nﬁu.u.fcﬂu.oz and abundance of the dark red material respousible for
the absorption band in the UV,

The ultraviolet i an important spectral region that has mnot been
Investipated for lapetus, except for a ratio spectrum between the leading and
trailing hemispheres rcs:_m no measurable 3:3 cnces (Nelson and Lane, 1986).
The <3:_-: ? i:.om.::: did in fact obtain a significant collection of near-uv
(0.34 ) dmages of lapetus, None of these observations were published or
examined quantitatively, because of their relatively Jow e:.:«L-:720:2...
Advancements in image processing techniques over the past 12 years and an
inercased knowledpe of the behavior of the Voyager camera have made it possible
to quantitatively reexamine these images. These Jwprovements include the ability
to perform image processing operations on workstations, where many operations can
be performed rapidly and iteratively on whole images; an jwproved theoretical
foundation for gow:Z::M the scattering properties of icy satellites (Hapke,
1981, 1983, 1986; Buratti, 1985); and a improved knowledpe of the Voyager dark
current for ecach pixel. 1n this paper we present the first analysis of these
Images, including an ultraviolet map of Japetus and a map of the ratio of :_G
spectral reflectance of lapetus at 0.55 gm and 0.34 g,




11. Dbata Analysis

Eightul t raviel etimages representing the bes t resolut ion and geopraphical
coverape were chosen { rom those obt ained by the Voyager 1and 2 spacecrafy (Tabl €
1). The p reen (0.55 pw) and clear (0. 47 pm) filter dmages in thgsame scquence
were al so chosen to map the di sk 1 esolved color of 1 apetus.  Thie i mage s were
peonetrical 1y andradiometri cal 1y calibratedaccordingtopreflightandinf ] i ght
calibration {iles maintained at the Mul tiwd ssion Jmage Processing Subsys t en
(Ml 1'S) at theJdetPropulsionlaboratory, Addit ional calibrationfactors of 1.47
for theUVimages, andl, 1/ for the clear f'i 1ter were applied t o the fmag ¢s.
This correcti onwas derived by averaping the factor required t o bring photometric
ground based obs eryvat i ons of several icy satellites, includiug¥uropa, Ganymede ,
Rheda, andDione, inagrcement W ithcorresponding Voyag er peasurements,

1 tisimportant t o remember t hat nost of the obser ved variation of speeific
intensity on a spacecraft dmage 1% due to changing radi ant jnejdeties dhd
cnmergenceangles as a f unctionof positiononthetarget® ssurface . Furthermore,
images obtained at dif ferent solar phase angle s exhibi t decrcasing intensit y as
t his anpgl ¢ increas es. To derive a map of normal ref lec t ances, which is  a

represent at ion of the intrinsic albedo varieg ations o1 a surface, it is thus
nee essary to ac curatel y desceribe the photonetric and so] ar phase f unct i ons of
eachimage . Following the techniques deseribed in Burat t i et al . (1990) | cach

image was fit tothe function (Buratti | 1984)

I A
1/ () Ho (1-2) g,
HAH

O

where f (0) Isthesolar phasefunction, which expresses changes inint ensi « y due
t ochiang esinthe so] ar phase angl e , p and g, arce the cosines of the emergence
nd Incidenceangles ., and A 1s a paramet er such that A - O i s a pure lambert
cat terer dominated hy mualt iple scattering, and A .1 is apuresinglescattering
Sy fi= ~ (iketheMoon) . Wefindthat A= 1 adequate] y describes a lobservations
in agreement with the predictions of Buratti(1984) . Thie functions were appli ed
t o cach imape to obtain normal reflec tances, for which both u and U - f(a)
for cachimage i s 1 ist edinTable 2) . The images were then mosaiced (01:1; the
best resolut fon of overl apping regi ons was | neluded) and deg raded t ¢ a ¢ Ol on
resolution.  Geopraphical longi tuck and 1 at i t ude f or each pixel wer e comput ed
base d on spacecraft point ing information cont ained in the Voya ger Suppl ement al
ExperimentData Rec. ord (SEDR) , whichiswmaintainedby MIPS at the JetPropulsion
laboratory, Final ly, the images were project ¢d into Mercator coordinates (Figure
2). The equival entwap in the clear filter, which was original 1y presentedin
a more rudiment ary f orm by Squyres et al , (1993), is also showniuFigure 2

Color ratio maps werce obt ained by ratioing ecach UV image wi th | ts
corresponding mage obt ained in the ora uge (0.58 pm) oy green filter (Table ?2) .
The i magera t i 0os were then mosai ced and project ed (bot t om of Fi pure 2) .

We est imat ¢ the errors of omr processedi anges as foll ows: the internal
errors Wi thinanimage are 1 essthanlse ; for ina ges of thesame{ i 1t ex they are
--1%. The relat ive cal ibrat jons between the UV, ¢l car, pgreen,andorange fi 1lters
arcaccurate t o “3%. Finally, our absolut ¢ calibrations are goodto -1/- 5% in
the clear, greenand orange f 0] ters, and -1\- 8¢ inthe UV filter.

nhe

111. ResultsandDiscussion

Figure ? shows clearly that the interface between the dark and bright
regions of lapetus i S gradual . Ne ar 1y concentric isophotes are centered on the
apeX of” motiouw, as is the center of the large dark region. Theratiomwap at the
bot t om of Figure 2 shows that eve n the color of 1 apetus cha nges g radually as a
function of dis tance fromtheapexofmot i 011, Figure 3a is a scan of albedo
extract ed across the interfac ¢ between the high and low alt redo repions.,  The
shape is to first order sinus oidal , as woul d be expected for the jmpac t o f
exogenous part i clesontoasp here . A similar 1ine of the color ratio is al so
gradual (Fi gure 3b) . Final 1 y, a two dimcnsional histoprameof col or and albedo



(Figure 4) shows that the distribution of both these quantitices is extended,
Our results ar c incompatible with an endogenous origin for the dark

mat eria oniapetus . Int ernal processing and the resul t ing ext rusi on of dark
interiormaterials would resultinawel 1 - delineat ccl interf ace between the ow
and high albedo reg ions |, rather than the gradual cha nge in alledo and co lor

illustrated in Fipres ? and 3. Yor an exogenicorigin: o the dark nat erial |, the
hi st ogramwoul d diow dist i netgroupings corresponding t 0 geol opic domains.

Thie f Jux of meteoritic material as a function of position on lapetus's
sur{ ace has been car cul at ed by Cook and Frauklin (1 970). Their model in
Mercat or coordinat es is shown in Fipure 5. The f Jux pat t ernsi 1 lust rated are
very simil ar tothoseactually f ound 011 Yapetus. FEven the {)rcdict jon of ahigh
albedo northern pol ar cap wi th an indi st inct bord er i s born out (1,0 vo ager
ul traviol et image s of the southern pol ar region exi st , but ground {:ascd
observations (Morrisonctal ., 1975)and]l ow resolut ion Voyaper images suppest
a cap may exist there as well(Swithetal. [ 1982) . Al thoughabsolute values of
the flux onto the leading versus the trail ing side of lapetus are difficult to
determine, a minimum value of ? i s given by theratio of the f lux of heliocentric
particlesont o the two hemisplieres. Surely anether source of material wust be
jmpacting the leading side of lTapetus: otherwise, the other Saturni an satellites
would Snow evengrcater albedodichotomies . The f JUx of particlesresulting from
an impact onto the surface o f the retrograde satel 1 1 te Phoebe depends on the
physi ca; properties of both the impact ing body and'110CI)[! * ssurface: given the
nunber of unknowns i ti sextremely di fficulttodetermine. Aunupperlimitof 100
to the ratio of Jeading/trailing fl ux from FPhoebe has b cen est Imat ed by Squyres
and Sagan (198~1) . (theoripginal scenario envisioned by Cook and Frankl in, that
brightice was eroded away t orvevealadark mantle, i S unlikely becausethel ow
density Of Tapet US (--] . 2 gu/cc) j S now knownto be t oo sma 17] to support the
existenceof al argemantle) .

Tosummarize . our resul s aremostconsistent wi ththe f 01 lowing scenario
lapcetus oripinall y looked 1ike the other f ive medium-siz ed Saturnian satellites
(Mimas, Funceladus, Tethys, Dione, and Rhea) , with a high albedo and rel ativel y
11 at spect rum consistent wj th water ice with some cont aminents.  The opt i Cal
properties of the trailing side of’ Jlape tus are indee d similar to those of these
sate]] jtes (Burst tiand Veverka,1984 ; Buratti,1984)) . Phocbe, representing a
c] ass of” bodies that may be common inthe outer Solar Sys tem (Stern,1993) | was
captured by Saturn int o a retrogradeorbit. After an impac t be tween Phoebe and
a comet or, aster oid, retrograde particles spiraled in towards lape tus and were
acereted (Soter, 1974) . Iupact vol at i zation of theice onlapet us's surf aceled
to the enrichment of the opague , non- ice , preexisting material , which js redder
than that found 011 Phocbe ' sSsurface . Parti cl es{fromt he body impact i ng, Phoebe
may a] so have been admixed with mat erial f rom Phoebe * s surt ace . The dark
materi al has speetral | and pr e swaablyconposicional, similari ties to the dark,
yoed materi al that scems t o be ubiquitous inthe out er So) ar Syst em, including
that found on the primitive D-lype asteroids (Tedesco et al . |, 1989) | the Uranian
satellites (Burat t i and Mosher, 1991) |, and Hyperion (1T homas and Veverka 1986)
Hyperion is particularl y not able because itis the next satellite closest to
Saturi after lapetus. ¢ apparently has been coated in a similar fashion a s
lapet us, but because it s in chaotic rotation (Wisdom et al . |, 1984) the material
has not been preferent iall y pl aced on one hemd sphere.

The Nat ional Aeronautics and Space Administ rat jon has given forma] -approval
for the Cassini mission to Saturn, t o belaunchedinl997for a 2004 cncount er
with the planct . The mi ss jon includes a flyby of lessthan 1000 km to the
surface Of Japet us .  The compl ement of instrument s includes a nar row and wide
angleinmaging syst em, two infraredspectrometers, and one UV spectrometer., This
payload wi 11 cnablethe determination and mapping of the compositionoflapetus ' s
surface, and ¢  wi)i obtaiu imap es with resolut ion of a few meters.  Our maps
show speel ficregions to betargetedforthe flyby. The southernrep ion is
particularly important to determine the exist ence of a polar cap as predicted by
an exog enous model . and tite regionbetween 1 ongd tud es of 0° and 240° , whier ¢ tile
albedo changes most rapi dl y.
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FIGURE (: APTI ONS

1 . The best Voyager 2 inage obtained in the clear filter of the interface between
the dark and bright hemi spheres of Tapet us.  The resolut jon is about 22 km .
lapetus revolves around Satur n every 79 days in an orbit which is 3.562 x 10® km
f romthe planctand is inclined 14 . 7 degrees to i ts cquat or . Tt e radius of
lapetus is 730 km and its density is1.2 g n/ce.

2. (Top) An ultraviolet (0.34 pm) Mercator map of the normal reflectance of
lapetus compiled {rom the Voyager dimages listed in Table 1, (Middle) A
corresponding, map created from cquivalent images in the clear {ilter (0.47 pm),
showing essential agreement with some previous work of Squyres et al., 1983,
(Bottom) A map of the ratio of images in the Voyager green filter (0.55 m) to
the ultraviolet filter. 7This color map illustrates that even the abundance of
the red chromophore is more pronounced as a function of position from the antapex
of motion (longitude of 270°).

3.a. A line of normal reflectance extracted from the interface between the two
albedo regions clearly shows that the transition is gradual. The line is roughly
sinusoidal, which is the expected shape for exogenic particles accreting onto a
sphere. The coordinates of the end points are listed below the absissca. 3b,
The equivalent line extracted {rom the color ratio map showing, that the dark
material becomes gradually redder towards the center of the low albedo region.

4. A two dimensional histogram of the values for color and albedo from Figure 2
Both paramcters are well-distributed.

5. A Mercator map of the flux contours expect ¢d frommetceoriticerosion (Cook and
Franklin, 1970) . The absolute Val ues t o the f“] ux f rom Phoeb e depend on many
factors and est imates di f fer by an order of magi i tude. The largest #I ux values
are at the ape x of mot | on (correspondi ng, to lat i tude and longi tude of 0°, 90 ©) |
and the smallest values are at the po les,
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